The carbon (δ 13 C) and oxygen (δ 18 O) stable isotope composition is widely used to obtain information on the linkages between environmental drivers and tree physiology over various time scales. The tree-ring archive can especially be exploited to reconstruct inter-and intra-annual variation of both climate and physiology. There is, however, a lack of information on the processes potentially affecting δ 13 C and δ 18 O on their way from assimilation in the leaf to the tree ring. As a consequence, the aim of this study was to trace the isotope signals in European beech (Fagus sylvatica L.) from leaf water (δ 18 O) and leaf assimilates (δ 13 C and δ 18 O) to tree-ring wood via phloem-transported compounds over a whole growing season. Phloem and leaf samples for δ 13 C and δ 18 O analyses as well as soil water, xylem water, leaf water and atmospheric water vapour samples for δ 18 O analysis were taken approximately every 2 weeks during the growing season of 2007. The δ 13 C and δ 18 O samples from the tree rings were dated intra-annually by monitoring the tree growth with dendrometers. δ 18 O in the phloem organic matter and tree-ring whole wood was not positively related to leaf water evaporative enrichment and δ 18 O of canopy organic matter pools. This finding implies a partial uncoupling of the tree-ring oxygen isotopic signal from canopy physiology. At the same time, internal carbon storage and remobilization physiology most likely prevented δ 13 C in tree-ring whole wood from being closely related to intra-annual variation in environmental drivers. Taking into account the post-photosynthetic isotope fractionation processes resulting in alterations of δ 13 C and δ 18 O not only in the tree ring but also in phloem carbohydrates, as well as the intra-annual timing of changes in the tree internal physiology, might help to better understand the meaning of the tree-ring isotope signal not only intra-but also inter-annually.
Introduction
The stable isotope composition of carbon (δ 13 C) and oxygen (δ 18 O) in tree rings is widely used to reconstruct the climate of the past (McCarroll and Loader 2004) and/or to explore physiological reactions of trees to environmental conditions retrospectively. Both δ 13 C and δ 18 O were found to be strongly related to summer moisture conditions, especially in temperate regions (Treydte et al. 2007 ). Depending on species and sampling site, isotopic variations in the tree-ring archive were found to correlate with temperature (δD and δ 18 O: Libby et al. 1976; δ 13 C: Loader and Switsur 1996) , humidity (δ 18 O: Burk and Stuiver 1981; δ 13 C: Ferrio and Voltas 2005) , soil moisture and rainfall (δ 18 O: Saurer et al. 1997; δ 13 C: Leavitt 2007) . The δ 13 C and δ 18 O of newly assimilated organic matter as well as of structural compounds in plant tissues mainly depend on two factors: (i) the isotopic composition of the inorganic source (i.e., atmospheric CO 2 and soil water) and (ii) the isotope fractionation processes associated with transport, diffusion and phase transition as well as with enzyme reactions in the plant. Factor (ii) alters the original isotope signal of the source and imprints physiological information on the isotope composition of a given tissue (e.g., Farquhar et al. 1982 , Cernusak et al. 2009 , Gessler et al. 2009b .
Primarily, the carbon and oxygen isotopic signal is imprinted on the newly assimilated sugars in the leaves during photosynthesis (Brugnoli et al. 1988) . Together with the sugars, this signal is transported through the tree via the phloem before it is incorporated into the tree ring as structural organic matter after potential further fractionation steps. As a consequence of the photosynthetic carbon isotope fractionation, which is determined by the ratio (c i /c a ) of leaf intercellular (c i ) and ambient (c a ) CO 2 concentration-or more precisely by c c /c a (c c : chloroplastic CO 2 concentration; see Farquhar et al. 1982 )-the δ 13 C of recent photosynthates and structural compounds derived from these assimilates has often been used to characterize environmental effects on the physiology of photosynthesis. Water limitation generally evokes reduced stomatal conductance and lower c i and thus leads to increased δ 13 C in different plant tissues and chemical compounds (e.g., Farquhar et al. 1982 , Korol et al. 1999 , Keitel et al. 2003 . Leaf internal CO 2 concentration and δ 13 C are also influenced by photosynthetic capacity. As a consequence, light limitation of photosynthesis can lead to more negative δ 13 C values (Leavitt and Long 1986, McCarroll and Pawellek 2001) , and combined influences of water and light availability have also been observed (Gessler et al. 2001) .
The oxygen stable isotope composition (δ 18 O) or the oxygen isotopic enrichment above source water (Δ 18 O) of plant organic matter provides additional physiological information to distinguish the effects of stomatal conductance (as a proxy for water availability/air humidity) from the effects of changes in photosynthetic capacity (as a proxy for irradiance, temperature and nutrient availability) on δ 13 C (Farquhar et al. 1998 , Scheidegger et al. 2000 , Gessler et al. 2009b . This is because δ 18 O is modulated mainly by air humidity or more explicitly by the ratio (e a /e i ) of water vapour pressure in the atmosphere (e a ) and leaf intercellular air space (e i ). As air humidity is a major driver for the variability of stomatal conductance, δ 18 O is affected by stomatal aperture (Gessler et al. 2009a ) like δ 13 C, but δ 18 O is not influenced by variations in photosynthesis (Barbour et al. 2000 , Scheidegger et al. 2000 . The isotopic signal of evaporative enrichment of leaf water is imprinted with an equilibrium fractionation factor of 27‰ (Sternberg and DeNiro 1983, Cernusak et al. 2005) on the newly assimilated sugars and lastly in tree-ring organic matter.
The fractionation processes during evaporation and photosynthesis in leaves are reasonably well understood and can be described by mechanistic models Loader 2004, Barbour 2007 ). Yet, it is increasingly recognized that post-carboxylation fractionation due to equilibrium and kinetic isotope effects in metabolic processes downstream from photosynthetic carboxylation are of importance for the isotope signals found in plant material (Gleixner et al. 1998 , Schmidt 2003 , Tcherkez and Farquhar 2005 , Brandes et al. 2006 , Bowling et al. 2008 , Gessler et al. 2009a . In addition to the fractionation processes, the δ 18 O in tree rings is also influenced by the exchange of organic carbonyl oxygen atoms with reaction water. During cellulose synthesis and potentially also in upstream metabolic processes, some of the oxygen atoms of sucrose synthesized in the leaves are exchanged with trunk water, which is not evaporatively enriched and thus corresponds to source water (Sternberg et al. 1986 , Farquhar et al. 1998 , Roden and Ehleringer 1999 , Sternberg 2009 ). Cernusak et al. (2005) reviewed the existing literature and concluded that the average exchange rate amounts to ~42%. However, Gessler et al. (2009a) showed that this exchange rate might not necessarily be constant over the growing season. The source water δ 18 O is normally close to the δ 18 O of precipitation, and the latter is often closely related to temperature and precipitation amount (Rozanski et al. 1992) . As a consequence, it is extremely important for climate reconstruction to know how much of the oxygen isotopic signal in tree-ring organic matter directly originates from source water and which portion is altered by leaf-level processes.
During the last four decades studies about intra-annual isotope variations in tree rings have been published (Wilson and Grinsted 1975 , Leavitt and Long 1991 , White et al. 1994 , Loader et al. 1995 , Barbour et al. 2002 , Helle and Schleser 2004 , Klein et al. 2005 , Gessler et al. 2009a , Ogee et al. 2009 , and this approach has already shown its huge potential to better understand the link between leaf-and canopylevel physiology, climate information and tree-ring isotopic signature. High spatial resolution of isotopic signals within an annual growth ring, which translates into intra-annual temporal resolution, opens the possibility to compare leaf-level with tree-ring isotopic signals. As both δ 13 C and δ 18 O isotopic compositions are controlled by various and partially different environmental variables, several authors suggest simultaneous measurements of both isotope ratios (Saurer et al. 1997 , Barbour et al. 2002 , McCarroll and Loader 2004 . However, the majority of existing high-resolution studies focus on one isotope only (e.g., Dawson et al. 2004 , Helle and Schleser 2004 , Klein et al. 2005 .
Existing studies on both isotopes focus mainly on conifers and mostly do not include assessments of the fast-turnover sugar pools in leaves and/or phloem. Barbour et al. (2002) examined Pinus radiata D. Don. and found that specific events like droughts and periods with high temperature, vapour pressure deficit or rainfall were clearly recorded in the seasonal pattern of cellulose δ 13 C and δ 18 O. Poussart et al. (2004) demonstrated seasonal patterns in δ 18 O and δ 13 C in Podocarpus wood, which does not produce well-defined growth rings. Roden et al. (2009) studied the intra-annual patterns of δ 13 C and δ 18 O in tree-ring cellulose to characterize the influence of fog on the water supply of Sequoia sempervirens. In the only study we are aware of where oxygen and carbon isotopic signals were tracked from the leaf via the phloem to the tree ring, Gessler et al. (2009a) reported seasonally variable δ 13 C enrichment of sugars during phloem transport and an uncoupling between tree-ring δ 13 C and leaf-level c i /c a in Pinus sylvestris L. In contrast, the oxygen isotope signal was found to be transferred from the leaf water to the tree ring with the expected fractionation and a time lag of ~2 weeks.
In contrast to evergreen species, deciduous trees are likely to record environmental influences in the tree ring only at particular times during the growing season due to remobilization of photosynthates from the last growing season(s) in spring and to storage processes in autumn as shown by Helle and Schleser (2004) in beech. Kagawa et al. (2006a Kagawa et al. ( , 2006b applied 13 C pulse labelling to show that early wood production of Larix gmelinii relies on both stored photoassimilates from the previous year and current assimilates. Helle and Schleser (2004) also demonstrated that only the δ 13 C signal in the early latewood and not in the earlywood encoded an environmental signal, but comparable studies to assess the effects of remobilization of stored carbohydrates on the δ 18 O of the tree ring are lacking.
With this study we sought to trace the fate of carbon and oxygen isotopes from inorganic sources (source water (δ 18 O)) to the tree ring via fast turnover leaf water (δ 18 O), leaf organic matter (δ 13 C, δ 18 O) and trunk phloem organic matter (δ 13 C, δ 18 O), under varying environmental conditions during a whole growing season in the deciduous species Fagus sylvatica L. (European beech). We also related the isotope information to environmental variables such as air temperature (T a ), photosynthetic active radiation (PAR), vapour pressure (VP) and soil moisture (SM). Our central research questions were: Are the carbon and oxygen isotopic signatures imprinted on assimilates in the leaves during photosynthesis traceable in phloem organic matter and in the tree ring during the whole or during particular parts of the growing season? Are the responses of both isotopes in the tree ring and in other organic matter pools towards changes in environmental conditions and/or storage and remobilization correlated to each other during the whole growing season?
Materials and methods

Experimental site
The experimental site is located near Tuttlingen in southern Germany (longitude 8° 45′ E; latitude: 47° 59′ N) in the Swabian Jura (740-760 m a.s.l.) on a steep NE exposed slope (58-100%). The soil is characterized as Rendzic Leptosol derived from limestone (Weissjura beta and gamma series). The soil contains 15% rocks and stones in the upper 20 cm, rising to a fraction of 30% below 50 cm. European beech (F. sylvatica L.), aged 80-90 years, is the dominant species (fraction of total basal area >90%). The mean tree height is ~28 m and the range of diameter at breast height (DBH) is between 10 and 42 cm (Nahm et al. 2006) . Further details on stand structure, soil and climatic conditions are described in Gessler et al. (2001) , Nahm et al. (2006) and Holst et al. (2010) .
The average annual T a in 2007, measured 1.5 m above ground, was 7.0°C, determined with a Humicap HMP45D sensor (Vaisala, Helsinki, Finland) . The annual sum of precipitation amounted to 824 mm, determined with a tipping bucket ARG 100 (Vaisala, Helsinki, Finland) . Soil moisture at the field site was determined with two water content reflectometer probes (CS615, Campbell Scientific, Shepshed, UK) and is reported in vol% soil water content as mean value from the upper 30 cm soil depth. Measured soil moisture profiles were compared regularly with gravimetric measurements of soil water content (Holst et al. 2010) . Soil cores for the gravimetric approach were collected randomly from 0-30 cm depth on a 70 × 70 m plot. Water vapour pressure of the air (VP) was measured in units of hPa at 1.5 m above ground level (a.g.l.) with a Humicap HMP45D sensor (Vaisala, Helsinki, Finland). Photon flux density (PFD) in the PAR wavelength region in µmol m −2 s −1 (Li-190SZ, Li-COR Biosciences, Lincoln, NE, USA) was determined above the canopy at 36 m a.g.l. At the same height, wind speed was determined with a cup anemometer (WAA151, Vaisala, Helsinki, Finland). All measurements were aggregated from the raw data to half-hourly average values, which were used to calculate daily means.
Canopy stomatal conductance and radial growth
For the present study, transpiration was computed with the model DNDC (Li et al. 1992) as described in detail for the same stand by Holst et al. (2010) . A comparison with transpiration data derived from xylem sap flow measurements showed good correlation between the two approaches (R = 0.98) for this beech stand. Mean canopy stomatal conductance (G s ) was calculated from the obtained transpiration rates using a simplified Penman-Monteith equation, as explained in detail by Keitel et al. (2003) for the same site.
Radial growth during the sampling period (4 April 2007 to 10 October 2007) was monitored on six trees divided into three DBH classes (DBH < 29.5; 29.5 < DBH < 35.0; 35.0 < DBH) with dendrometers (TypeDR, UP Umweltanalytische Produkte GmbH, Leipzig, Germany). Phloem organic matter (OM) samples were randomly collected at breast height from the trunks of 10 beech trees, on each sampling day. We used the phloem exudation technique described in detail by Gessler et al. (2004) . The authors of that paper showed that for carbon and oxygen isotope ratio analysis in phloem exudates, demineralized water was best suited as exudation solution, whereas for the quantification of transported sugars a chelating agent was necessary. The phloem exudation technique has been compared with other phloem sap extracting methods (phloem bleeding, Gessler et al. 2004; centrifugation, Devaux et al. 2009) , and results for the stable isotope composition were comparable. Three different phloem exudates were obtained per tree, one for sugar analysis and two for isotope analysis. For all exudation approaches, bark pieces of ~100 mg fresh weight were collected as described by Gessler et al. (2004) at adjacent positions on the trunk of a given tree. Bark pieces were incubated in the exudation solutions; after 5 h, the supernatant was decanted and stored in the freezer at −20 °C and the weight of the bark piece was determined. For sugar analysis, bark pieces were incubated in 2 ml of EDTA solution (10 mM). Previous studies with beech (Schneider et al. 1996) revealed that contamination of phloem exudates with cellular constituents was negligible under the experimental conditions applied here.
For isotope analysis, bark pieces were incubated in 2 ml of demineralized water with two different δ 18 O isotopic signatures (δ 18 O of depleted water: −8.9 ± 0.3‰; δ 18 O of enriched water: 8.9 ± 2.5‰ (mean values (MW ± standard deviation (SD); n = 10)). Two different δ 18 O values were chosen to check for potential oxygen atom exchange between exuding phloem sugars and the exudation solution. The obtained oxygen isotope signatures of phloem organic matter did not differ between the two exudation solutions (mean phloem OM exuded in enriched water: 27.2 ± 3.1‰ (n = 110); mean phloem OM exuded in depleted water: 27.3 ± 3.3‰ (n = 111) (all values are MW ± SD)). We thus can exclude any significant oxygen atom exchange during the exudation procedure.
The exudation technique as a potential source for artefacts was additionally ruled out by comparing δ 18 O of phloem OM samples obtained with the exudation technique and from the phloem bleeding sap of eight trees, as previously described by Gessler et al. (2004) . Although the SD of the bleeding sap samples was slightly higher (bleeding sap: −29.0 ± 1.4‰; exudation: −29.4 ± 0.8‰), a Student's t-test showed no significant difference between the mean values.
To obtain leaf water (LW), leaf total organic matter (LTOM), leaf water soluble organic matter (LWSOM) and xylem solution samples, twigs were collected from the sunlit canopy of five randomly chosen trees, representative for the whole stand. Five leaves per tree were selected for leaf water extraction, the major vein was removed and the leaves were transferred into a Duran ® (DURAN GmbH, Mainz, Germany) culture tube immediately. For xylem samples, a twig piece of ~10 cm length and 1.5 cm diameter was taken. After the bark was removed, it was transferred in a Duran ® tube. For leaf organic matter analyses, five additional leaves were harvested from each twig. All samples were immediately stored on dry ice and kept at −80°C until further analysis.
Atmospheric water vapour for δ 18 O measurements was collected from two different heights (mid canopy, ~15 m, and top canopy, ~30 m). Starting at about 12:00 h, the air was drawn for 1-2 h through two successive U-tubes that were cooled by an ethanol-dry ice mixture to ~−70°C to trap the water vapour (Ferrio et al. 2009 ).
Soil water extraction samples were collected from three randomly chosen places at depths of 1-2 cm (upper) and 10-12 cm (lower), and then placed in a Duran ® tube. The soil samples were stored on dry ice at −80°C until further analysis.
Tree core samples for the intra-annual measurements of δ 13 C and δ 18 O in whole wood were taken on 18 April 2008, before the new growth started (about 3 May 2008) with a 5 mm core increment borer (Suunto, Vantaa, Finland). We took six cores from four different trees at breast height. Three trees were sampled once (the cores named TC2, TC3, TC4), taking the core from the south-east side of the trunk, parallel to the slope. One tree was sampled three times. The first core (TC1a) was taken from the SE side as well, while the following were sampled in an angle of 180° (TC1c) and 90° (TC1d) from the previous core.
Sample processing
Leaf total organic matter samples were dried at 60°C in a drying oven. The dried plant material was ground with a ball mill to obtain a homogeneous powder. For LTOM samples, 0.3-1.0 mg of the ground material was weighed into tin and silver capsules for carbon and oxygen isotope analysis, respectively. To obtain the LWSOM fraction, 1 ml of deionized water was added to 45-55 mg of homogenized sample material. After 1 h of agitation at 4°C, samples were heated for 10 min at 95°C, cooled down to room temperature and centrifuged (10 min, 12,000 g) to remove soluble proteins. The pellet was discarded and the supernatant (LWSOM), which is representative for the mixture of sugars, organic acids and amino acids with high turnover rates (Brandes et al. 2006) , was used for isotope analysis. For carbon isotope analysis, 0.1 ml of the supernatant was transferred into pre-weighed tin capsules (IVA Analysetechnik, Meerbusch, Germany) and the same volume was transferred into pre-weighed silver capsules for oxygen isotope analysis (IVA Analysetechnik, Meerbusch, Germany). Before analysis, the water from the capsules was evaporated at 60 °C in a drying oven so that only the soluble organic matter remained.
The concentration of fructose, glucose and sucrose in the supernatant of the EDTA containing phloem exudation solutions was analysed with high-performance liquid chromatography (HPLC; DX 500; Dionex, Idstein, Germany). Aliquots (200 µl) of the sample were diluted with 500 l of double deionized water. From this mixture, 100 µl was injected into the HPLC system. For separation of the sugars, a CarboPac PA1 separation column (4 × 250 mm; Dionex GmbH, Idstein, Germany) with a NaOH-water gradient (NaOH 200 mmol l −1 ) as eluent and a flow rate of 1 ml min −1 was used. Sugars were identified and quantified with external standards. The sugar concentrations were expressed in moles of sugar C per gram of bark.
Of the supernatant from the exudation solutions with demineralized water for isotope analyses, 200 µl was transferred into silver capsules for oxygen analysis. The same sample volume in tin capsules was used for carbon analysis. Before the mass spectrometer analysis, water was evaporated at 60 °C in a drying oven.
Xylem, soil and leaf water samples were extracted by cryogenic vacuum distillation (Ehleringer et al. 2000 ; for a detailed description, see Brandes et al. 2007 ). The frozen samples were placed in an 80 °C water bath and connected to a vacuum system. Samples were heated and, by applying a vacuum of ~4 × 10 −2 mbar, were transferred to water traps that were cooled with liquid nitrogen. The water was transferred into 1.5 ml glass vials (IVA Analysetechnik, Meerbusch, Germany), and then the vials were sealed and stored at 4 °C until analysis.
Intra-annual dating of tree rings and processing of tree-ring organic matter
To obtain an average estimate of the tree-ring increment in 2007, we used dendrometer data from six trees. To avoid problems due to variations in the absolute increment between single trees, we transformed the values to a relative scale from 0 to 1. The average curve obtained from the six trees was then smoothed (see the Statistics section). The width of the 2007 year rings, ranging from 0.9 to 1.7 mm, was measured by scanning pictures of the tree cores and measuring the width (number of pixels) at six different positions. The date-growth relation was obtained by assigning the width of the year ring to the relative increment curve.
The tree rings were cut in to 40 µm slices with a microtome (Mod. 1206 with Frigomobil, cooling device Reichert-Jung; Leimen, Germany), comprising 1-17 days on the time scale (isotope values for each measured slice are shown in the supplementary material: Figures S1 and S2 available as Supplementary Data at Tree Physiology Online). Aliquots of ~0.5 mg of whole wood were transferred to tin and silver capsules for carbon and oxygen isotope analyses, respectively. Data gaps in the tree core data were filled with the mean value of the adjacent δ 13 C and δ 18 O values and the data were smoothed with a spline function to obtain an estimated daily value for the tree-ring wood.
Differences in growth patterns among individual trees lead to uncertainties in dating of the tree slice as well as errors in determining the extent of an annual tree ring. Therefore, as a quality control of the intra-annual chronology, we studied the inter-correlation of the isotope values assigned to each day of the year for the different tree cores using a freeware software commonly used in dendrochronology (COFECHA, Tree-Ring Lab and Columbia University; Holmes 1983). Originally developed to match tree-ring width patterns for cross-dating, Roden (2008) also applied COFECHA for cross-dating inter-annual tree ring δ 18 O and δ 13 C time series. In our case, we applied COFECHA to the intra-annual isotope chronologies obtained after assigning a date to each tree slice. They were assessed without applying any detrending or autoregressive models, and using segments of 50 days lagged successively by 25 days. Inter-correlations between segments of tree-ring series, using different time lags, were applied to detect potential dating errors. This information was complemented with the correlation of each individual series (tree core) with an adjusted master series (i.e., removing the contribution of the tested series; see Grissino-Mayer 2001 for details). It should be noted that, given that the number of time divisions per tree slice was variable among trees and along time, the statistics derived from assigned daily values were only used qualitatively, in order to assist in detecting potential dating problems.
Isotope ratio mass spectrometry
For δ 13 C analysis, samples were combusted in an elemental analyser (NA 2500; CE Instruments, Milan, Italy), and for δ 18 O analysis in a high-temperature conversion/elemental analyser (TC/EA; Finnigan MAT GmbH, Bremen, Germany), both coupled to an isotope ratio mass spectrometer (Delta Plus or Delta Plus XP, Finnigan MAT GmbH, Bremen, Germany) by a Conflo II interface (Finningan MAT GmbH, Bremen, Germany). Carbon isotopic values were expressed in δ notation, relative to the Vienna Pee Dee Belemnite (VPDB) standard. For oxygen, δ notation relative to the Vienna Standard Mean Ocean Water (VSMOW) was used. In order to avoid absorption of water vapour to the dried organic matter sample material and thus an artificial alteration of the δ 18 O value (Cernusak et al. 2003 , Brandes et al. 2007 ), we shielded all organic matter samples under an argon atmosphere and kept the autosampler of the TC/EA flushed with dry argon. The precision for measurements of both isotopes as determined by repeated measurements of standards (n = 10) was better than 0.1‰. Farquhar and Cernusak (2005) and Barnard et al. (2007) . In brief, steadystate enrichment at the sites of evaporation (Δ 18 O e ) in the leaves was calculated according to the equation from Craig and Gordon (1965) modified by Dongmann et al. (1974) . We took into account the oxygen isotopic difference between water vapour in the atmosphere and source water, the ratio of ambient to intercellular water vapour concentration, the equilibrium fractionation between liquid water and water vapour and the kinetic isotope fractionation during water vapour diffusion as depending on stomatal and boundary layer conductance. Average lamina mesophyll water is supposed to be less enriched than the water at the evaporative sites. This difference mainly depends on (i) the diffusion of 18 O-enriched water away from the sites of evaporation and (ii) the convection of unenriched xylem water via the transpiration stream in the opposite direction (Péclet effect). Steady state enrichment of mean lamina leaf water (Δ 18 O L ) depends on the steadystate enrichment at the evaporative site of the leaf (Δ 18 O e ) and on the lamina radial Péclet number ℘ (Farquhar and Lloyd 1993) . ℘ depends on the leaf transpiration rate (mol m −2 s −1 ), on a scaled effective pathlength L assumed to be 0.015 m on average for beech leaves at that site , the molar concentration of water and the diffusivity of H 2 18 O in water (Barbour et al. 2000) .
Modelling of leaf water enrichment was based on the following assumptions of Keitel et al. (2006) and Brandes et al. (2007) : the difference between air temperature and leaf temperature can be calculated according to a leaf energy balance model described in detail by Barbour et al. (2000) and Cernusak et al. (2003) . Isothermal net radiation as an input parameter for the energy balance model was estimated as described by Barbour et al. (2000) , with the global radiation values measured above the canopy. Internal water vapour e i was assumed to be equal to the leaf-temperature-dependent saturation pressure. Boundary layer resistance for sun crown leaves, based on estimates from wind velocity above the canopy and from leaf length (Jones 1992) , and canopy stomatal conductance were used to calculate kinetic isotope fractionation. Stand transpiration was calculated from the model DNDC, and average canopy leaf transpiration, necessary for calculating ℘, was computed taking into account an leaf area index of 5.2 m 2 m −2 (Holst et al. 2004 ). Δ 18 O of atmospheric water vapour for a given day was calculated as mean value of the samples taken from 15 and 30 m height.
To estimate the proportion of oxygen atoms, which potentially exchange ( phloem ex p ) on the way from leaf sugars to the stem phloem with unenriched source (i.e., xylem) water, we applied the following equation:
where ε wc is the average equilibrium fractionation between carbonyl oxygen and water (27‰). δ 18 O xylem denotes the oxygen isotope signature of xylem water (assumed to equal the unenriched source water in the trunk), δ 18 O phloemOM the oxygen isotope signature of phloem OM and δ 18 O LWSOM that of LWSOM.
Statistics
All statistical analyses were performed with R (R Development Team 2008). Pearson's correlation coefficients were calculated with the 'cor' function. Significance of the correlations was tested with the 'cor.test' function. To avoid alpha error accumulation due to multiple testing (i.e., wrongly assume results to be significant), we applied in addition the Bonferroni-Holm correction (Holm 1979) . Smoothing of the data was performed with a loess fit with span = 0.4 or the 'smooth.spline' function, with the generalized cross-validation method.
Results
Meteorological conditions and stomatal conductance
During the sampling period (day of year (DOY) 124-283 in 2007), daily mean temperature was generally >5 °C ( Figure 1a) . Maximum (24 °C) and minimum (−1 °C) T a values were reached in July and October, respectively. The minimum VP was reached in October with 5 hPa. Maximum VP amounted to 18 hPa in July when the highest PFD values were also observed (Figure 1b) . In 2007, soil moisture had its highest and lowest values in the first part of the growing season. Maximum values of up to 61% were observed in early April and soil moisture dropped to ~36% at the end of May and in mid June. G s showed on average lowest values in July ( Figure  1c ). As already stated by Brandes et al. (2006) 
Tree core dating
According to the dendrometer data, radial growth occurred from day 123 to day 232 (DOY). Quality control of intraannual dating of tree slices using COFECHA indicated that inter-tree correlations of assigned daily values were stronger for δ 18 O than for δ 13 C (average correlation with the master series: r = 0.564 and r = 0.219, respectively). In general, 50-day segment correlations were best with the original dating. Only in core TC1d the correlation for δ 13 C improved by slightly redating the core (best correlation: with a lag of −4 from day 150 to 230, and with a lag of +1 from day 123 to 175). Accordingly, we re-scaled the segment between day 150 and 175 for this core to fit with these dates, in a way that former days 123-150 became days 124-151 (lag = +1), and days 175-230 became days 171-226 (lag = −4). This increased the correlation between δ 13 C of core TC1d and the master series from r = 0.383 to r = 0.529 (new average correlation with master series: r = 0.245). These changes had only small effects in the δ 18 O chronology (r = 0.538). Average correlations were still low due to the lack of correlation of core TC1a with the master series (r = −0.064). This core was also not correlated with the others for δ 18 O (r = −0.080), and showed some clear outlier values for δ 18 O, suggesting the presence of tension/ compression wood, wounds or other kinds of contamination. After excluding this core, the average correlation with the master series increased for both δ 13 C and δ 18 O (r = 0.339 and r = 0.612, respectively). Consequently, the latter chronology (i.e., redating core TC1d and excluding core TC1a) was used in all subsequent calculations.
Carbon isotope signatures: leaf carbon pools, trunk phloem, tree-ring whole wood
In the leaves, seasonal patterns of LWSOM were comparable to LTOM from June until the end of the growing season ( Figure  2a ). In contrast, in spring from day of year (DOY) 124 until DOY 151 δ 13 C of LWSOM decreased from a level comparable to phloem organic matter (−29.7‰ phloem, −29.6‰ LWSOM) to values in the range of LTOM. Exactly during the same time period, phloem sugar concentrations increased from 35 to 218 µmol sugar C (g bark) −1 , presumably indicating increased sugar transport. This maximum value was more or less constant until the end of the growing season (Figure 2b) . A comparison between δ 13 C of LTOM/LWSOM and phloem organic matter reveals an increasing difference during the first month of the growing season and a more or less constant difference between DOY 151 and 235. As a consequence, δ 13 C of LWSOM and phloem organic matter were highly correlated between June and August (r = 0.94, P = 0.006). After DOY 235 (the end of radial growth) until the end of the growing season, the difference in δ 13 C between leaf and phloem organic matter increased further. At the last sampling in October, phloem OM was enriched by 3.1‰ compared with LWSOM. These patterns over the whole growing season resulted in the overall low correlations in δ 13 C between phloem and the different leaf organic matter pools (Table 1 ). δ 13 C in the whole wood of the tree rings differed among trees but also within one given tree ( Figure S1 ). The cores TC1c and TC1d taken from one tree differed on average by 2.3‰ during the growing season. Average δ 13 C values of the four measured trees decreased slightly from the beginning of the growing season (−28.86 ± 1.42‰ at the beginning of May) to autumn (−29.42 ± 1.44‰ at the end of the trunk growth period) (Figure 2c ). The maximum difference in δ 13 C between spring maximum and late summer/autumn minimum was 1.5‰. There was a clear common seasonal trend in δ 13 C of LTOM and treering wood to decrease by >1‰ from spring to autumn, leading to a highly significant correlation ( Table 1) 
. A comparable trend
The long way down 7 and a significant correlation with δ 13 C of wood were also observed for LWSOM but not phloem organic matter.
With phloem sugar concentration and trunk growth as indicators for major changes in physiological processes over the year, we can distinguish three phases of carbon allocation during the growing season in which different δ 13 C patterns are apparent.
Phase 1: Spring increase of phloem sugar transport. During this phase leaves increased their source strength, indicated by the increasing deviation between δ 13 C of LWSOM and of phloem OM. Phase 2: Constant phloem sugar concentration during continuing wood formation indicates neither carbon source nor sink strength changes. Leaf water soluble organic matter and phloem δ 13 C show highly significant correlation and a rather constant difference of 1.8 ± 0.2‰ during this time. Phase 3: Wood formation has stopped but carbon production is still going on albeit decreasing. The gap between leaf and phloem δ 13 C values widens further.
Oxygen isotope signatures: water and organic matter pools
During the growing season, soil water δ 18 O showed a maximum variation of 4.7‰ in the upper (1-2 cm) and 5.0‰ in the lower (10-12 cm) sampling depth (Figure 3a) . On most sampling days, soil water from the top layer was slightly enriched compared with the bottom layer, with differences ranging between 5.9‰ and −0.1‰. With the exception of the first sampling day, soil water values showed highest enrichment during the summer. The relatively high enrichment in the top layer at the first sampling day coincides with a relatively low soil moisture value of 38% for that day (Figure 1 ). δ 18 O in xylem water showed a seasonal pattern comparable to soil water. In September and October when soil water δ 18 O started to decrease, xylem water in contrast stayed constant.
Measured leaf water δ 18 O showed strong variations over the growing season, ranging between +7.6‰ and −9.0‰. The The significance levels for Pearson's correlation coefficients displayed are denoted as follows: P < 0.05 = + ; P < 0.01 = ++ ; P < 0.001 = +++ . Bold figures indicate a significance level P < 0.05 after Bonferroni-Holm correction. SW, soil water; LWSOM, leaf water soluble organic matter; LTOM, leaf total organic matter; LW, leaf water.
fluctuations of leaf water δ 18 O were mirrored by LWSOM and LTOM, but, with a dampening of the amplitude (Figure 3b ). Both LWSOM and LTOM showed a similar pattern throughout the growing season, with generally higher δ 18 O values in LWSOM. δ 18 O in phloem OM increased-in contrast to leaf OM and leaf water-from spring until July and followed the leaf water δ 18 O pattern only from July to October.
Finally, δ 18 O in the whole wood of the tree rings showed-as observed for δ 13 C-strong variations among individual trees ( Figure S2 ). The average δ 18 O value of the four trees showed a clear increase during the growing season starting from 26.3‰ in May and reaching 29.3‰ in September (Figure 3c ). δ 18 O of wood was positively correlated with phloem organic matter ( 18 O enrichment model, which takes into account kinetic and equilibrium fractionation, isotopic differences between source water and the atmosphere, and the Péclet effect. The model described the seasonal patterns of leaf water enrichment reasonably well (Figure 4a) , and the correlation analysis between measured and modelled values resulted in r = 0.87 (P < 0.01). The δ 18 O isotope signal of leaf water was strongly imprinted on LWSOM, as indicated by a correlation coefficient of 0.96 (Table 1) . Phloem δ 18 O showed negative correlation to leaf water and LWSOM δ 18 O and seemed to be strongly influenced by soil (and xylem) water δ 18 O (Table 1) .
Based on the positive correlation between soil or xylem water δ 18 O and phloem OM δ 18 O and the lack of such a relation with LWSOM, we might assume that an exchange of oxygen atoms between phloem-transported sugars and the surrounding non-enriched xylem water took place. To account for this, we calculated the oxygen atom exchange ( 
Correlation between δ 13 C and δ 18 O
There was a significant, positive correlation between δ 18 O and δ 13 C in LTOM (Table 1) , while wood δ 18 O and δ 13 C signatures were highly negatively correlated (r = −0.76, P < 0.001) for the whole growing season ( Figure 5 ). The correlation slightly increased (r = −0.77; P < 0.001) when only the time period of trunk growth and full sugar export in the phloem (phase 2; 31 May to 10 August 2007 (DOY 151-222)) was considered.
Relation of the isotopic composition of plant organic matter pools to meteorological parameters
Leaf water and LWSOM δ 18 O were highly (negatively) correlated with rH (r = −0.79 and −0.75, respectively; P < 0.01). There was a weaker, albeit significant, correlation between rH and δ 18 O in LTOM (r = −0.69, P < 0.05). Moreover, δ 18 O of leaf water and LWSOM were significantly correlated with volumetric soil water content (r = 0.78 and 0.67, respectively). There was,
The long way down 9 in contrast, no significant correlation between δ 13 C in LWSOM, LTOM or phloem OM and any of the meteorological parameters determined. δ 18 O in tree-ring whole wood was weakly positively correlated to VP (r = 0.38; P < 0.01), whereas δ 13 C showed a weak negative correlation (−0.25; P < 0.05).
Discussion
Towards a mechanistic explanation of seasonal variations at the leaf level
Our first objective was to link the oxygen isotope signal in leaf water to leaf physiology and environmental conditions. To assess the factors that control evaporative 18 O enrichment in the lamina leaf water, we compared observed Δ 18 O with values obtained from a model taking into account the Péclet effect. There is a large body of recent literature applying evaporative enrichment models during the diel courses to explain shortterm patterns of oxygen isotope enrichment (e.g., Cernusak et al. 2005 , Barnard et al. 2007 ). However, on a seasonal basis, less information on the applicability of enrichment models is available and, thus far, only conifers have largely been examined (Pendall et al. 2005 , Brandes et al. 2007 ). With our approach, we have shown that inferences drawn from patterns in leaf water enrichment improve relative to simple correlation analysis with rH when we exploit models that take into account fractionation associated with the phase transition of water molecules, fractionation associated with the diffusion of water isotopologies through the stomata and leaf boundary layer (Craig and Gordon 1965, Dongmann et al. 1974) , and the transpiration-driven Péclet effect. As a consequence, our data revealed that the interplay between physiology (e.g., stomatal conductance, transpiration) and environmental conditions (e.g., rH) clearly governed the seasonal oxygen isotope signal imprinted in leaf water during midday. As isostorage in the leaf is not likely to occur during this time of day, the application of non-steady-state models is not necessary .
Newly produced assimilates are assumed to carry the isotopic signature of leaf water present at the time when they were produced, including the equilibrium fractionation factor (ε wc ) (Sternberg and Deniro 1983, Yakir and Deniro 1990) . A continuous decrease in correlation with leaf water is observed (Table 1) when following the δ 18 O signature from leaf water to the fast turnover organic matter pool (LWSOM) and to structural organic matter (LTOM). In addition, the amplitude of variation in δ 18 O also decreased from leaf water to LWSOM and LTOM (Figure 3b ). These observations are consistent with the findings of Barnard et al. (2007) for δ 18 O in field-grown Scots pine on a diel scale. The dampening of the amplitude in the soluble organic matter isotopic signal can be explained by the significantly longer turnover times of LWSOM compared with with modelled values (white circles), taking into account the Péclet effect. In (b) the oxygen exchange rate p ex of phloem OM was calculated from the oxygen isotope composition of LWSOM (assuming leaf organic matter to be the only source of phloem-transported sugars) phloem OM and xylem water. leaf water (Barnard et al. 2007 ). The mean 18 O enrichment of LWSOM above leaf water during the whole growing season amounts to ~34‰ and is thus higher than the expected 27‰. Our finding might be attributed to the presence of organic compounds other than carbohydrates in the water soluble fraction obtained, causing differences in the δ 18 O isotope composition (Schmidt et al. 2001) .
Uncoupling of the physiological signal from leaves to tree rings
On the way from LWSOM to trunk phloem, the isotope signal imprinted in the canopy was lost, and the temporal trend in the phloem δ 18 O values was even opposite to trends of values in the leaves (see Figure 3 , Table 1 ). In contrast, phloem δ 18 O correlated well with the δ 18 O in soil and xylem water, which might be considered as an indicator that the source water isotope signal became dominant in the phloem. The calculation of the exchange rate ( phloem ex p ) between organic matter and xylem water during the transfer of sugars from the leaf to the phloem showed that during most of the growing season clearly <50% of organic oxygen originated from non-enriched xylem water. As a consequence, we cannot conclude that the source water signal entirely overwrites the leaf water signal. Nevertheless, the exchange rate seemed to be highly variable and strongly decreased from spring to midsummer, thus leading to the observed uncoupling of the phloem δ 18 O signal from the canopy. δ 18 O of phloem organic matter is, in contrast, reasonably well correlated with δ 18 O in the wood in the tree ring (Table 1) . Consequently, we have good reason to assume that processes upstream of cellulose/wood synthesis are mainly responsible for the lack in correlation between δ 18 O of leaf assimilates and the tree-ring tissue. We cannot rule out that the use of treering cellulose instead of whole wood might have improved the correlation between phloem OM and tree ring since lignin is incorporated into cell walls after wood cell formation and cellulose deposition, and thus contains a distinct isotopic signal. In addition, allocation of organic matter between and within tree rings (Kagawa et al. 2006a ) might cause the intra-annual isotope signal in the whole wood to be blurred compared with cellulose.
Our results clearly demonstrate that the inversion of the seasonal course of phloem and wood δ 18 O has its origin during transport from the canopy to the trunk as already the phloem sugars, which are the original substrate for wood production, are affected. This finding also attests that potential variation in the cellulose-to-lignin ratio during the growing season (e.g., Wilson and Grinsted 1975 ) is definitively not the only reason for the uncoupling between tree-ring and canopy δ 18 O patterns. It is unlikely, however, that oxygen atom exchange with phloem water occurred during the transport of sucrose along the sieve tubes. In beech, mainly sucrose is transported (Gessler et al. 2004 ), which does not contain any free carbonyl group and thus cannot exchange oxygen with water. This theoretical consideration is further supported by our exudation approach, which showed no significant differences between exuded sugars incubated for 5 h in two waters of contrasting δ 18 O (see Materials and methods). If oxygen exchange could take place within the transport fluid in the sieve tubes, we should have observed a comparable exchange (at least to a certain extent) also during our exudation procedure. The widely accepted theory of phloem transport (recently reviewed by van Bel 2003) might, however, offer an explanation for the exchange of organic oxygen atoms with the stem water. It is known that phloem transport is associated with continuous unloading and retrieval of sugars along the transport path (van Bel 2003) . A part of the retrieved sugars might have undergone metabolic conversion in the parenchymatic tissues of the twig or trunk with intermediates that might have formed exchangeable carbonyl groups.
Bark photosynthesis and starch remobilization are two other processes that can supply the phloem with additional carbohydrates to the assimilate pool originating from the leaves, and thus might influence our calculated phloem ex p values. 18 O depletion of phloem sugars compared with leaf soluble organic matter could be partially due to photosynthesis in the bark of twigs and the upper stem, which has been observed in beech (Wittmann et al. 2001) . Organic matter refixed in the bark of twigs, where reaction water is not or only slightly enriched, should lead to δ 18 O signatures of sugars well below the enrichment of sugars fixed in leaves , as observed in our study (Figure 3b ). We might assume that bark photosynthesis plays a more important role at the very beginning of the growing season when leaves are not fully developed yet and can therefore explain the stronger relative 18 O depletion of phloem OM during that period (Figures 3 and 4) . Moreover, the contribution of remobilized storage starch from stem storage pools to phloem sugar transport would explain 18 O depletion of phloem compared with leaf sugars. Indeed, during starch remobilization 5 out of 11 oxygen atoms in sucrose generated from starch are exchanged with the surrounding non-enriched water ). Strong contributions of remobilized organic matter from storage tissues in spring, and a subsequent reduction of the importance of this carbohydrate source towards summer (Helle and Schleser 2004) (Brandes et al. 2007 , Gessler et al. 2009a ) during the growing season. This might be attributed to a lower contribution of sugars originating from bark photosynthesis and/or starch remobilization to phloem transport in that species. Helle and Schleser (2004) . We defined here phase 1 as the period at the beginning of the growing season, when the δ 13 C isotopic signature of the leaf decreased and the phloem sugar content increased. The decrease in δ 13 C of leaf tissues was likely due to a progressive shift from starchderived carbon (which can be enriched in δ 13 C by up to 4‰ compared with triose-P originating directly from the CalvinBenson cycle (Gleixner et al. 1998) ) to carbon from recent assimilation. We then assume that during phase 1 the developing leaves turned from a net carbon sink to a source. During this phase, Helle and Schleser (2004) observed a seasonal peak in δ 13 C-indicating the incorporation of starch-derived carbon into the growing tissue-not only in leaves but also in tree-ring cellulose. In fact, we also found the highest δ 13 C seasonal values in the wood of the tree ring in phase 1. We defined phase 2 as the period when maximum sugar export is reached and wood formation is still in progress. In phase 2, δ 13 C decreased in the total organic matter in leaves as well as in the tree-ring tissue ( Figure  2 ). During this phase, recent assimilates, which are depleted in 13 C compared with starch, are used to turn over leaf organic matter and are also exported from leaves as freshly formed carbohydrates. Their gradual incorporation into newly formed cell wall material in the tree ring as well as in structural organic matter in the leaf is likely to lead to the continuous decline of δ 13 C in organic matter, as already observed by Helle and Schleser (2004) . This common origin of carbohydrates for leaf and treering production also led to a reasonably high correlation in δ 13 C between LTOM and tree-ring whole wood (Table 1) .
We can conclude that the strong correlation between δ 13 C and δ 18 O in the tree ring ( Figure 5 ) also supports this explanation. In phase 1, when starch-derived carbon resulted in 13 C enrichment of the wood, δ 18 O values are lowest. The initial low δ 18 O values might be due to the high rates of partial exchange of carbonyl oxygen with trunk water during starch breakdown, as explained previously. The incorporation of newly assimilated organic matter into the tree ring as stem growth proceeds then explains the observed increase in δ 18 O together with the decrease in δ 13 C. The lack of such a negative correlation in isotopes present in leaves does not preclude comparable carbohydrate dynamics in this tissue. We observed a seasonal course of δ 13 C that is comparable between wood and leaves, whereas no 18 O depletion was observed in LTOM in early spring. However, for our hypothesis of a common origin in carbohydrates for leaf and tree-ring production to be consistent, we have to postulate that when the relatively 18 O depleted sucrose originating from trunk starch storage pools is further processed in the developing leaves, oxygen atoms can exchange between the 18 O enriched leaf water and the carbonyl groups of glucose, fructose and triose-phosphate (Hill et al. 1995) .
As phloem sugars are the C source for wood formation, it should be assumed that δ 13 C in phloem OM is related to wood δ 13 C, as we observed for the oxygen isotope signal. Moreover, phloem sugars are the C source for leaf OM (when leaves are developing in spring) or they originate from leaf assimilates (when leaves are fully developed); as a consequence, comparable temporal patterns in leaf and phloem δ 13 C could be expected. While phloem δ 13 C was closely related to δ 13 C of LWSOM during phase 2, the expected shift from 13 C enrichment at the beginning of the growing season (starch-derived carbon) to more negative δ 13 C values before or during phase 2 (new assimilates) was not observed. As a consequence, and in contrast to leaf OM, δ 13 C of phloem organic matter was only weakly related to δ 13 C of the wood in the tree ring. A possible explanation for the observed temporal pattern of phloem δ 13 C might be that the 'starch δ 13 C signature' in the phloem is only visible at a very early period of the year that had already occurred before our first sampling date. The finding that phloem sugars are generally 13 C enriched as compared to leaf organic matter as observed here during most of the growing season agrees with the assumption of Hobbie and Werner (2004) that mainly 13 C depleted carbon is allocated to immobile compounds in the leaves, which in turn results in 13 C enriched sugars being exported to the phloem. Helle and Schleser (2004) defined their phase 3 of tree-ring seasonality as the period when δ 13 C in the tree ring increases at the end of the growing season due to incorporation of new starch-derived carbon. We could not clearly observe such a pattern in our intra-annual tree-ring series. It might be assumed that incorporation of storage carbon at the end of tree growth largely depends on the availability of recent assimilates in a given year; as a consequence, an increase in δ 13 C might be observed in some years and not in others. As we could not see a reduction in phloem sugar content or an increase in δ 13 C of phloem OM, we might assume that there was no restriction in the supply of freshly assimilated carbon and thus no need to switch to stored reserves at the end of the trunk growth period. Accordingly, we have redefined phase 3 of the growing season as the period after the end of stem growth, when the sugar concentration in the phloem was still close to the maximum levels. During this period, total and water soluble organic matter in the leaves became further depleted in 13 C until senescence in October, as previously observed for beech leaves (Keitel et al. 2003) .
The deposition of carbon derived from starch (relatively enriched in 13 C) in spring and the gradually increasing incorporation of newly assimilated C (relatively depleted in 13 C) in leaf tissue and the tree ring during the rest of the growing season most likely prevented δ 13 C in both tissues from being closely related to intra-annual variations in environmental drivers. We thus have to conclude that in a deciduous species, plant internal physiology, namely timing of the use of remobilized storage C for trunk growth, has much stronger effects on the intra-annual δ 13 C signal than in coniferous trees (Barbour et al. 2002 , Gessler et al. 2009a ). These internal carbon dynamics might overwrite seasonal influences of climate, at least in years with no extreme drought periods and rather moderate variations of the meteorological conditions during the growing season (Figure 1) . The extent to which stronger variations of the environmental conditions during the growing season modify the intra-annual pattern of δ 13 C (and δ 18 O) in tree rings of beech needs to be tested for longer chronologies and preferably at different sites with contrasting climate and soil conditions. Nevertheless, our results do not discourage the use of tree-ring δ 13 C in European beech for inter-annual climate reconstruction (e.g., Saurer et al. 1997) , especially when late wood material is used (Helle and Schleser 2004) . However, the application of high-resolution intraannual δ 18 O and δ 13 C tree-ring data in combination with isotope models as described by Ogee et al. (2009) with Pinus pinaster for reconstructing tree-and stand-level carbon balance should be taken with caution in deciduous trees. This approach definitely needs a deeper quantitative understanding of tree internal storage pools and assimilate partitioning.
Concluding remarks
In conclusion, we could not find a continuously constant relation of δ 18 O between canopy and trunk organic matter pools in European beech within the growing season. Not only the tree ring but also the phloem OM was uncoupled in their seasonal δ 18 O signal from the leaves. We postulate this to be caused mainly by the seasonally varying contribution of different carbo hydrate sources to tree-ring formation. These carbohydrates strongly exchange oxygen atoms with xylem water either during formation (stem photosynthates) or during processing (remobilized starch). A high contribution of remobilized starch to tree-ring and leaf formation in early spring and a gradual switch to recent assimilates are also supported by the δ 13 C data. Further research on the actual processes involved in oxygen atom exchange and isotope fractionation between leaves and the phloem would help to determine the conditions under which they can exert a strong influence on the wood isotopic signal, as observed in the present study.
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